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ABSTRACT
The marshland in southern Louisiana is a vital resource that many people and
wildlife depend on. Terrebonne Bay was chosen for this research because it has
experienced one of the largest wetland loss rates among Louisiana estuaries.
Investigations of wave power and shoreline retreat rate could provide decision makers
with a better understanding of the contributing wave force responsible for local shoreline
retreat. A strong relationship has been shown to exist between wave power and
shoreline retreat [Schwimmer (2001) and Marani et al. (2011)]. Whether or not this
strong relationship exists in Terrebonne Bay is the subject of this research.
In situ measurements over a period of 12 months are presented. Shoreline surveys
were completed along with the deployment of wave gauges to determine the wave
power directly in front of the marsh edge. The shoreline surveys were carried out
roughly every three months and a continuous wave record was obtained between two
consecutive surveys. These results are then directly compared to historical records as
well as predictive models. Following the in-situ measurements, large-scale retreat rate
and wave power are examined. Aerial photographs of Terrebonne Bay are used to
obtain long-term retreat rates at selected sites between the years of 1998 and 2010.
Numerical models were then utilized to obtain hindcasts of wave power at these sites.
Historic wind and bathymetry data were used to obtain the water level in the bay
(Delft3D). Next a wave model (SWAN) was implemented to obtain the wave power.
These results are presented along with the in-situ measurements in Terrebonne Bay.
A simple linear relationship between wave power and shoreline retreat was not
observed in Terrebonne Bay. Although retreat rates increase as the wave power

x

increases in general, large scatter in the data suggests that the spatial variability of
parameters such as scarp height, marshland elevation, and soil properties should be
included in future analysis. The temporal variability in yearly wave power also suggests
that different formulations other than a yearly average wave power should be used
when comparing to retreat rate values.
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1.

INTRODUCTION

The study of Louisiana’s coastline is a complicated subject with many different
avenues of research. The research presented in this thesis focuses on Terrebonne Bay.
Results from in-situ measurements along with numerical models are presented.
Investigations of wave power and shoreline retreat rate could provide decision makers
with a better understanding of the contributing wave force responsible for local shoreline
retreat. The method used to determine marsh edge retreat and wave power however is
not straightforward. Also the method used to calculate wave power greatly depends on
the temporal and spatial scale chosen. Retreat rate measurements can be obtained on
the small scale by shoreline surveys, and the large scale by use of aerial photography,
both with their benefits and limitations.
1.1

REGIONAL BACKGROUND
Louisiana’s southeastern coastline ranging from Vermilion Bay (western) to

Chandeleur Sound (eastern) mainly consists of fringing saltmarsh with some segments
semi-enclosed by thin barrier islands. The salt marsh vegetation in this area consists of
many species including Spartina alterniflora, Distichlis spicata, and Avicennia
germinans (Sasser, 2008). This marshland typically experiences a diurnal tide in the
range of half a meter or less. This marsh serves as one of the first lines of defense for
the Louisiana coast in the event of an incoming storm [CPRA (2007); Jadhav and Chen
(2013); and Jadhav et al. (2013)]. The marshland in this basin has been rapidly
deteriorating from a variety of factors including a lack of sediment supplies, sea level
rise, subsidence, wave attack, and storm impacts. It has been shown that the
Mississippi river delta is eroding at an average rate of approximately 77 km2/yr from
1

1978-2000 shown in Figure 1.1 (Barras et al., 2004). Terrebonne Bay has lost land at
an average rate of 47 km2/yr from 1977-2010 (USGS and Couvillion, 2011).

Figure 1.1 Land change from 1990 to 2000 for southeastern Louisiana
(source: Barras, et al.,2004).
The area of interest for this report is Terrebonne Bay which is located to the west of
the Mississippi River in southern Louisiana. This bay is approximately 40 km wide and
spans 25 km from the northernmost marsh to the barrier islands that separate it from
the Gulf of Mexico. These barrier islands are approximately 10 km long and have a 10
km opening between them. The waves in this bay typically consist of locally generated
sea (Jadhav, 2012), however there are small swell components that enter the bay from
the Gulf of Mexico. Terrebonne Bay has an average depth of 1.5 meters with a
maximum depth of approximately 3 meters.
2

Studies have found that wave attack is among the key contributors to the erosion of
a marsh shoreline (Penland, 2000). The investigation between wave attack and marsh
edge erosion has been investigated around the world [Schwimmer (2001); Marani et al.
(2011); Bendoni et al. (2014); and McLoughlin et al. (2014)], also locally along the
Louisiana coast [Watzke (2004); Trosclair (2013); and Allison et al. (2014)]
Schwimmer (2001) developed a model to describe the erosional process of a salt
marsh shoreline. This method was expanded upon by Watzke (2004) and shown to
apply to Louisiana saltmarsh shorelines. Two main types of erosive failure were found.
The first being cleft and neck formation where portions of the marsh shoreline erodes
away resulting in small outcroppings exuding from the shoreline (Figure 1.2).

Figure 1.2 Erosional process of marsh shoreline (source: Schwimmer 2001).
These outcroppings are then susceptible to wave attack and are eroded away where
the process then begins again. The second main type of erosive failure occurs when the
soft substrate under the marsh root mat is washed away by wave action resulting in an
overhanging root mat. This root mat then experiences tensile failure and falls into the
water while the process is then repeated on the retreated shoreline. Both of these
processes can occur simultaneously.

3

1.2

WAVE POWER AND RETREAT RATE
Schwimmer (2001) investigated the relationship between the linear shoreline retreat

rate and the wave power in Rehoboth Bay, Delaware and surrounding areas. Similar to
Terrebonne Bay, the vegetation mainly consists of Spartina alterniflora, Spartina patens,
and Distichlis spicata. Retreat rates were obtained by local shoreline surveys used to
compute the average land loss over a given shoreline length. The wave power was
solved for using parametric hind casting techniques and historic wind data. The results
obtained by Schwimmer (2001) consist of the power law relationship (R=0.35*P1.1),
between the retreat rate (R, meters) and wave power (P, kilowatts per meter of
shoreline).
Expanding on the work done by Schwimmer (2001), Marani et al. (2011) derived
through dimensional analysis a relationship between volumetric retreat rate and wave
power (Figure 1.3) in the Venice lagoon located in Italy. This volumetric retreat rate
requires the marsh elevations to be known. The relationship found by Marani et al.
(2011) states that the volumetric erosion rate (V) with units of square meters per year, is
equal to “a” multiplied by the wave power density (P) with units of watts per meter
(“a”=0.0364). In areas where the marsh elevation has been shown to be relatively
constant this relationship simply turns into a linear relationship between incident wave
power and linear marsh edge retreat rate. This varies slightly from Schwimmer’s (2001)
findings of a power relationship. Marani et al. (2011) pointed out that the power-law
relationship determined by Schwimmer (2001) is 1.1 and therefore very close to unity.
Marani et al. (2011) also utilized a parametric wind model similar to that developed by
Young and Verhagen (1996). The retreat rate was obtained using aerial photographs of
sections of shoreline that exhibit stable retreat in a single direction.
4

Figure 1.3 Depiction of the volumetric retreat rate described by Marani et al. 2011
(source: Marani et al 2011).
McLoughlin et al. (2014) investigated the relationship between wave power and
retreat rate at four marsh sites in a Virginia coastal bay. The methods used to obtain
retreat rate consisted of aerial photographs resulting in shoreline classification. These
digital shorelines allowed for multiple retreat rates to be obtained at each marsh site and
allowed for the varying geometry of a non-uniform marsh shoreline. The wave power
was modeled using a stationary version of the SWAN (Simulating Waves Nearshore)
model. This method is similar to the parametric one used by Marani et al. (2011) and
Schwimmer (2001) in which it utilized historical frequency and duration based wind
data. Model runs were carried out for multiple wind speeds, water levels, and wind
directions. These results were then used to superimpose wave conditions at a site
depending on the frequency of occurrence of that wind speed and water level in the
area.

5

The majority of the wave power and retreat rate studies in the Louisiana region apply
the methods outlined in Marani et al. (2011) or some variation. The wave power is
typically obtained either using a parametric model (Young and Verhagen, 1996) or a
frequency of occurrence based numerical model. The erosion or retreat rate obtained in
these studies is either accomplished through field surveys or the use of aerial
photographs.
1.3

OBJECTIVES
The aim of this research is to apply and expand the techniques for determining

marsh shoreline retreat, and nearshore wave power in Terrebonne Bay. Schwimmer
(2001) and Marani et al. (2011) have shown strong relationships to exist between wave
power and shoreline retreat rate at their respective study sites. Investigating whether a
similar strong relationship exists between wave power and shoreline retreat in
Terrebonne Bay is the aim of this research. This is accomplished through four tasks
outlined below.
1. Develop and implement a monitoring plan to obtain in-situ measurements inside
of Terrebonne Bay (Chen et al., 2013). In order to accomplish this task, a detailed
measurement plan needs to be created and implemented, and reliable data sets need
to be obtained. These data sets consist of shoreline surveys and bottom mounted
pressure gauge readings.
2. Data analysis of field measurements leading to values for retreat rate and
corresponding wave power in Terrebonne Bay. Retreat rate analysis is accomplished
through careful selection of shoreline sections resulting in a single value for retreat rate
over each study period. Spectral analysis along with linear wave theory is applied to the
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pressure data to obtain wave power at the field site. This wave power along with the
wave parameters for each study period is presented.
3. Large-scale retreat rate is obtained to gain a better understanding of the retreat
rate across Terrebonne Bay. This analysis is performed utilizing aerial photographs of
the area over a 12-year time span. Careful selection of shoreline site locations is
presented along with corresponding long-term retreat rate values.
4. Large-scale wave power is computed using numerical models and high
performance computing. These wave power results are obtained at the same locations
selected for the large scale retreat rate analysis. SWAN and Delft3D models are utilized
to compute wave power across Terrebonne Bay.
Implications and summary of the results obtained from these four objectives are then
compared and discussed in Chapter 6 along with potential future research stemming
from these results.
All measurements and values presented are in standard SI units unless otherwise
stated. Any dates or times presented are relative to UTC (Coordinated Universal Time)
which is five hours ahead of local CDT (Central Daylight Time) for Louisiana. Any
values for elevation or water level are presented relative to NAVD88 (North American
Vertical Datum of 1988) unless otherwise stated.
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2.

FIELD MEASUREMENTS

Achieving the field data objectives discussed in Section 1.3 requires multiple data
sets to be obtained. These data sets fall into two main categories: wave measurements,
and shoreline retreat measurements. The wave measurements include various
parameters such as time series of wave height, wave period, and water depth; all are
used to compute wave energy and wave power. The shoreline retreat rate
measurements include spatial records of a selected shoreline at different times of the
year. Both of these data sets come with their own unique challenges associated with
them. After choosing the correct instruments a site location is selected that offers a
reasonable opportunity to obtain the measurements desired. The final thing to consider
is the actual deployment of these devices.
2.1

INSTRUMENTATION
When selecting instruments to measure wave and shoreline characteristics there are

a few main factors that influence the final selection. Battery life and ruggedness are two
main concerns when selecting devices used to measure wave parameters. Accuracy
and reliability are two of the main factors considered when selecting devices to measure
shoreline position.
2.1.1 Wave Gauge
There are multiple options available when choosing sensors to measure parameters
such as wave height and wave period. Two options that were considered for this project
consisted of bottom mounted pressure transducers (Figure 2.1), and surface mounted
water level loggers. The water level loggers record the physical surface of the water as
it passes by and store this as a time series. These data sets can then be directly
analyzed without much post processing. One drawback to these devices is that they are
8

typically not very rugged and require a fixed structure to mount to. The dataset desired
for this project requires continuous measurements even during the passing of a cold
front which occurs often in Terrebonne Bay. Therefore the more rugged bottom
mounted pressure transducer was selected for this project. This type of measurement
requires more post processing in order to obtain the desired results; this is discussed in
Section 3.1 in further detail.

Figure 2.1 Dimensions (in inches) of OSSI Wave Gauge
(source: OSSI wave gauge user manual).
The devices selected for this project were OSSI (Ocean Sensor Systems Inc)
Pressure Transducers and can be seen above in Figure 2.1. These were chosen for
their ability to stay in the field for long periods of time while still recording at high rates to
allow for sophisticated data analysis to be performed on the data obtained. The models
used on this project were able to record at a rate of 10 hz for a period of approximately
3 months.
9

2.1.2 Survey Equipment
Initial visits to the study site in Terrebonne Bay used a common total station and
prism rod to mark the position of the shoreline relative to two semi-permanent
benchmarks that were installed on the first visit (Figure 2.2). This method allowed for
measurements to be recorded at a rate of approximately 1-2 data points per minute and
required two people. When combined with the other tasks and travel time this only
allowed for very limited sections of the shoreline to be recorded in a single visit to the
study site.

Figure 2.2 Devices used to collect shoreline data; Total station and prism rod (left),
Trimble RTK-GPS (right).
To allow for larger sections of shoreline to be measured at one time GPS based
survey equipment was utilized. The LSU Center for Geoinformatics (C4G) allowed the
team access to a Trimble RTK GPS (Real Time Kinematic Global Positioning System)
field unit that allowed a single team member to conduct the shoreline survey. This
allowed for more data points to be collected in a shorter amount of time, greatly
increasing the resolution of the recorded shoreline. This method of survey was used for
each of the data sets that are presented in this report.
10

2.2

DATA COLLECTION
In order to meet the desired objectives, a site needed to be chosen which displayed

certain key attributes. The study site needed to be exposed to a high energy wave
environment; therefore a site was sought that was directly exposed to the large fetch of
Terrebonne bay (Figure 2.3). The site also needed to have a section of shoreline that
had been observed to be retreating in a linear fashion. This is covered in more detail in
Section 3.2. The last main factor considered when choosing the study site was the
ability to reach it on a semi-regular basis. Data sets were collected on a 3 month interval
for one year.
2.2.1 Site Location
The study site selected is located in the northwest region of Terrebonne Bay (Figure
2.3 and Figure 2.4). This bay is approximately 40 km wide and spans 25 km from the
northernmost marsh to the barrier islands that separate it from the Gulf of Mexico.
These barrier islands are approximately 10 km long and have a 10 km opening between
them. The waves in this bay typically consist of locally generated sea, however, there
are swell components that enter that bay from the Gulf of Mexico. Terrebonne Bay
average depth ranges from 1-2 meters with a maximum depth of approximately 3
meters. The study site is exposed to a northwest/southeast fetch of approximately 25
km. Field visits were completed four times; approximately every 3 months. This
resulted in continuous field data being obtained for the year of 2012. LUMCON
(Louisiana Universities Marine Consortium) was instrumental in allowing the team to
reach the field site. Boats were rented either from LUMCON or from Louisiana State
Universities Field Support Services.

11

“Study Site”

Figure 2.3 Location of "Study Site" relative to Terrebonne Bay (Source : Louisiana
Department of Natural Resources http://sonris.com/).

Figure 2.4 Location of Wave Gauge relative to field study site.
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2.2.2 Wave Measurements
Wave measurements were collected continuously over the entire study period. The
OSSI pressure transducers were set to record at a rate of 10Hz, for 20 minute bursts,
every 30 minutes. This results in 48 data sets per day. These sensors are positively
buoyant and therefore need to be either mounted to an existing structure or placed in a
temporary one in order to be held underwater to collect the desired measurements.
Base plates were designed and fabricated that would be strong enough to withstand
field conditions and securely hold the sensors to the sea bed. Likewise these base
plates needed to be light enough to transport to the field and allow for relatively easy
installation at the field site. These plates can be seen in Figure 2.5.

Figure 2.5 Newly fabricated pressure sensor base plates (Top Left); Base plate and
sensor (Bottom Left); Field deployment of pressure sensor (Right).
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2.2.3 Retreat Measurements
Shoreline surveys were completed at each field visit on the same day when the
pressure sensor was replaced. The surveys were conducted by one or two team
members using the Trimble RTK GPS surveying equipment. This equipment allowed for
approximately 5-10 survey points to be obtained per minute. One challenge that was
faced in the field however was distinguishing where the shoreline edge was located.
Some places along the shoreline were very easy to classify as can be seen in the top
panel of Figure 2.6. These easy to classify locations consisted of marsh vegetation
extending all the way up to the marsh edge, where the edge consisted of a clear dropoff exposing a vertical face of the marsh. The edge of the marsh in these cases at the
point of the drop-off was considered to be the marsh edge. However other places along
the marsh had a more gradual slope into the water and no clear drop off was present.
This can be seen in the bottom panel of Figure 2.6. At these locations the marsh
vegetation ended well before the water and the appearance of a shoreline edge was
greatly influenced by the tide. The photographs in Figure 2.6 were taken at a lower tide
and therefore with such a gradual slope of the marsh at higher tide the perceived marsh
edge could be in a totally different location. To combat this problem the marsh edge for
this project was defined as the last living plant stem before the water. This classification
was drawn from observations that erosion seems to occur when vegetation dies off and
the edge of the marsh gets washed away. Vegetation at this study site had not been
observed to come back after dying and the portion of the marsh surface with no
vegetation had been found to erode away by the next field survey. The classification of
the last living marsh vegetation aided the team in preventing user bias and ultimately
resulted in a more consistent survey.
14

Figure 2.6 Shoreline surveys; Example of clear shoreline edge (Top); Example of
ambiguous shoreline edge (bottom).
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3.

FIELD DATA ANALYSIS

A better understanding of the field conditions in Terrebonne Bay is desired to aid in
investigating the relationship between wave power and retreat rate. The research
contained in this chapter is a first step toward this goal of better understanding what is
happening in Terrebonne Bay with respect to marsh erosion. After four visits to the field
site described in Section 2.2, multiple data sets were obtained. Four individual surveys
of the shoreline were completed along with three sets of pressure readings that span
the length of time between each subsequent shoreline survey. This chapter discusses
the layout methodology for processing these data sets into the desired form of wave
power values (Section 3.1) and shoreline retreat values (Section 3.2).
3.1

WAVE POWER
Calculating wave power from a time series of pressure data requires multiple steps.

Spectral analysis was chosen to analyze the measured data due to the complex nature
of handling the depth attenuation of pressure under surface waves. The water surface
profile can’t be directly solved for using the static pressure vs. depth relationship due to
the fact that when waves are present there is a dynamic portion of the pressure that
needs to be included. This spectral analysis of the pressure field can then be
transformed to a spectral plot of the energy field for each data set. This allows for the
significant wave height, peak wave period, and subsequently the wave power to be
solved for using linear wave theory. The wave data were recorded at a rate of 10 Hz, for
20 minutes, every half an hour. Each burst is analyzed separately resulting in 48 results
for wave height, peak wave period, depth, and eventually wave power each day.
The analysis applied to the pressure time series data (Figure 3.1) closely follows
concepts and methods outlined by multiple sources [Dalrymple and Dean (1991);
16

Sorensen (2006); and Kamphuis (2010)]. Spectral density analysis was applied to the
pressure data series utilizing the “OCEANLYZ” matlab toolbox (Karimpour, 2014). First,
a FFT (Fast Fourier Transform) was applied to each burst of data. This allows for the
frequencies to be obtained and the identification of which frequencies contain the most
energy. This frequency spectrum however is not a final result because it only assumes
a static pressure correction. To solve this problem, a pressure response coefficient is
applied to the energy spectrum to correct for the dynamic portion of the waves pressure.
This corrected frequency spectrum can be used to calculate the wave height by using
linear wave theory and the approximation that the significant wave height is equal to
four times the square root of the zeroth moment of the energy spectrum [Sorensen
(2006); Wiberg and Sherwood (2008)].

Figure 3.1 Example of single burst of detrended water level. Pressure correction has not
been applied to this data series.
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It should be noted that true significant wave height is the average of the top one third
of wave height values from a given data series. In this case the significant wave height
is approximated by the zeroth moment wave height. A welch spectrum with a “Hanning”
window was utilized to help smooth the energy spectrum. This method uses a moving
window average. The pressure correction response factor was applied up to
frequencies of 0.9 hz and can be seen in Figure 3.2.

Figure 3.2 Example of frequency spectrum for a single burst with pressure correction
applied.
The peak frequency of this burst of data can be obtained by locating the highest
point in the spectrum and determining the correlating frequency associated with it.
These two values of significant wave height and peak period along with water depth at
the time of the reading can be used to determine the wave length. This is achieved by
the dispersion relationship. With all the major wave parameters solved for, the wave
power for this burst of data can be obtained. This method is then applied to the other 47
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bursts of data for that day, and likewise for each day in the record. This results in a time
series of wave power at the site location.
3.2

RETREAT RATE
In order to obtain retreat rates at the study site, shoreline surveys were conducted

as discussed in Section 2.2.3. Over the course of one year, four shoreline surveys were
conducted at the study site. These four surveys can be seen in Figure 3.3. The base
image for this figure was obtained from Google Earth and is dated as being taken in
November 2012. The main challenge that arises when dealing with eroding marsh
shoreline data is obtaining a single value for retreat rate on such a complex shoreline.

Figure 3.3 Shoreline data collected over entire study period. Shoreline segments are
overlaid on “Google Earth” image from November 2012.
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3.2.1 Wetland Shorelines
A typical beach shoreline primarily retreats in a single direction allowing multiple
measurements to be obtained and then averaged over a section of the shoreline. This
method is commonly used for sandy beaches. They exhibit long shorelines that mainly
retreat in the cross shore direction.
The challenge of the study site in Terrebonne bay is the fact that wetlands are
eroding in multiple different directions at one time. This issue is discussed in further
detail in Chapter 4. A section of shoreline was selected that was perpendicular to the
largest fetch. This shoreline hereafter referred to as “main shoreline” can be seen in
Figure 3.4 below and is used for the rest of the analysis.

Figure 3.4 Section of shoreline ("Main Shoreline") that is used for analysis.
3.2.2 Calculations of Shoreline Retreat
When looking at the section “main shoreline”, it more closely resembles a beach
shoreline with a unidirectional retreat. This allows for the different data sets to be
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overlaid on the same plot and the retreat can be observed. Retreat values can now be
obtained by a physical measurement point by point across the shoreline. However,
given the number of assumptions present for this problem, it is recommended to use an
average retreat rate value for this area of shoreline. This can be obtained by solving for
the amount of area under each of these shorelines curves and finding the difference
between each data set. This value can then be divided by the length of the shoreline in
the dataset resulting in a single value, which represents the average shoreline retreat of
this area over each given time frame.
3.3

RESULTS
During the processing of the data it was observed that one of the pressure sensors

during the final deployment began displaying erratic readings. This data set under
investigation spans the time from July 6th 2012 to December 11th 2012. The erratic data
readings begin in the middle of August 2012. The source of this error was unknown and
therefore the data set is truncated in mid-August. It should be noted that the retreat
measurements still span the length of time from July to December of 2012, however, the
wave power results only represent the beginning of this period of time.
The first plot seen in Figure 3.5 shows the water level over the entire study period at
the main site location in Terrebonne Bay. The next plot in Figure 3.6 shows the zeroth
moment wave height over the entire study period. Note that the plots label the wave
height as the significant wave height, which was obtained by the FFT analysis
discussed in Section 3.1.
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Figure 3.5 Observed water depth, at Terrebonne Bay site.

Figure 3.6 Observed significant wave heights at Terrebonne Bay site.
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The peak wave period was obtained by locating the point of highest energy on the
spectral density plot for each burst of data. This frequency associated with this peak
energy was then converted to period and used as the peak period. This method is
shown to work well when dealing with a well-defined spectrum. However when the
overall energy in a particular spectral plot is low, the point defined as the peak tends to
shift because even small noise can be identified as the peak. These instances usually
correspond to times where very small wind waves exist. Therefore for this project any
time the peak wave period was found to be higher than 10 seconds, typically
corresponding to significant wave height values of less than 5 cm, they were replaced
by zero (Figure 3.7).

Figure 3.7 Observed peak wave period at Terrebonne Bay site.
The peak wave period was found to exceed 10 seconds during 3% of the
observations so dropping these data points has minimal influence on the overall results.
Any corresponding wave powers at these times are also replaced by zeros. This is
necessary because if the wave period is falsely represented as a high value then the
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corresponding wavelength and wave power calculations can result in unrealistic values.
The resulting filtered wave period plot can be seen in Figure 3.7. Notice that the peak
wave period values are gathered around 2 to 3 seconds. The values that are seen
higher than these may seem to occur often but in reality the number of these
occurrences is much smaller. Approximately 80% of the peak wave period
measurements are found to be below 3 seconds.
The method for calculating wave power is based on linear wave theory (Sorensen,
2006) and is outlined below. It begins with obtaining the wavelength at each time step
utilizing the dispersion relationship represented by equation 1. The wavelength (L) is a
function of the deep water wavelength (Lo, equation 2), the wave number (k, equation
3), and the local water depth (d) at that particular time step.

L  Lo tanh(kd)

(1)

Lo 

gT 2
2

(2)

k

L
2

(3)

Wavelength is solved for using an iterative solver due to the wavelength being
located on the left of the equation along with inside the hyperbolic tangent function. This
iterative process is solved for each burst of data and a resulting time series of
wavelengths are obtained as a result. Wave power (P) is calculated using equation 4,
and is a function of wave energy (E) and group wave celerity (Cg). Wave energy is
defined by equation 5 and is a function of significant wave height (Hs), density (rho),
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and the acceleration due to gravity (g). Group wave celerity is defined by individual
wave celerity (C, equation 8), and a scaling function depending on the wave
classification of deep to shallow water (n, equation 7). With these sets of equations
wave power can be obtained at each time step resulting in a time series of wave power.
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The next plot seen in Figure 3.8 represents the time series of wave power at the
Terrebonne Bay site over the entire (adjusted) study period. This plot is important to
better understand how the wave power varies over the seasons. The average wave
power is a value that is typically used by researchers when presenting data. Due to so
many instances of low wave activity, the wave power has a large range of values and
the average value is greatly influenced by the intensity and frequency of the cold fronts
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in the area. Although average wave power values may seem low it is not uncommon for
storms to produce waves and subsequently wave powers five to 10 times higher than
the average values. This is discussed in further detail in the final chapter.

Figure 3.8 Observed wave power at Terrebonne Bay site.
Each time series of data is presented in Table 3.1; these values are presented as
the average values spanning the amount of time listed for each group. The total
measured retreat is presented along with the average retreat rate over each particular
period of time. Note that the third data set spans from July to Dec of 2012 for the retreat
rate values but only from July to mid-August for the wave parameters. The same goes
for the total average values over the entire study period; the retreat rate values range
from December 2011 to December 2012 while the wave parameters range from
December 2011 to mid-August 2012. The standard deviation is also presented for each
averaged value and can be seen underneath the value closed in parenthesis.
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Table 3.1 Summary of measurements obtained at Terrebonne Bay site.
Measured
Retreat
(m)

Retreat
Rate
(m/yr)

Hs
(m)

Tp
(s)

d
(m)

L
(m)

Wave
Power
(W/m)

2011-12-13--2012-03-05

0.8

3.6

0.11
(0.06)

2.99
(2.27)

1.15
(0.26)

5.98
(2.60)

36.6
(44.5)

2012-03-05--2012-07-06

1.9

5.6

0.14
(0.09)

2.92
(1.86)

1.14
(0.26)

6.41
(2.25)

77.4
(109)

2012-07-06--2012-08-14

0.3*

0.6*

0.10
(0.06)

2.46
(1.64)

1.18
(0.27)

7.28
(6.03)

30.5
(40.1)

2011-12-13--2012-08-14

3.0*

3.0*

0.12
(0.08)

2.86
(1.98)

1.15
(0.26)

6.43
(3.39)

55.4
(85.2)

Values in table are averages of time series data
Values in parenthesis are standard deviations of time series data
( * values have date ranges extending to December 2012)
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4.

LARGE SCALE RETREAT

In Chapter 3 the wave power and retreat rate were solved for at a single location
inside of Terrebonne Bay. This serves as a baseline when investigating the retreat rate
and wave climate in the bay. However if a better understanding of these phenomena
across the entire bay is sought, then a larger scale study needs to be implemented. The
first step in expanding this research is the investigation of the retreat rate across the
entire bay. The GIS (Geographic Information System) analysis was carried out by
Haikuo Yu in Dr. Chen’s research group as part of the collaborative research presented.
Figure 4.1 shows the total land loss and gained in the Terrebonne Bay area between
1998 and 2010.

Figure 4.1 Land loss and land gain observed in Terrebonne Bay between 1998-2010
(Courtesy of Haikuo Yu and Qin Jim Chen).
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Figure 4.1 was obtained by analyzing the difference between two sets of
photographs[Singh (1989); Munyati (2000); and Song et al. (2001)]The 1998 data set
was obtained from the “LSU atlas” program which grants users access to data sets
pertaining to GIS in Louisiana. The 2010 photographs were purchased from the
Department of Agriculture’s Farm Service Agency. These two sets of photographs were
used to characterize each pixel as either land or water based on the GIS technology
[Ryu et al. (2002); Ouma and Tateishi (2006); and Kuleli et al. (2011)] The difference
between the two data sets was then determined. Large amounts of land loss can be
seen in the northwest portion of Terrebonne Bay. Following similar methods outlined by
McLoughlin et al. (2014), sections of the shoreline across the bay were chosen for
further analysis. The locations of these shoreline sections can be seen in Figure 4.2.
The land loss and eventually retreat rate values at these locations are the main focus of
this chapter.

Figure 4.2 Locations of initial study sites across Terrebonne Bay.
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4.1

CHALLENGES
Obtaining shoreline retreat values for a rapidly eroding marsh is not a straight

forward process. Typically for a long section of sandy beach shoreline there exists a
predominant direction of erosion. Therefore a baseline is established and transects are
projected orthogonally from this baseline to allow for the measurement of retreat, and if
the time period between measurements is known then the rate of retreat can also be
obtained. This was the method employed by McLoughlin et al. (2014) when obtaining
their retreat rate values. This method was applied to certain sections of the Terrebonne
Bay shoreline as seen in Figure 4.3.

Figure 4.3 Example of relatively uniform shoreline retreat located at site "B" in
Terrebonne Bay
(Courtesy of Haikuo Yu and Qin Jim Chen).
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The left panel of Figure 4.3 shows a relatively uniform shoreline allowing for
transects to be placed every 10 meters along the 1998 shoreline and projected
orthogonally until they cross the 2010 shoreline. These transects are then measured
and averaged to obtain an average retreat rate at this location. Since the time between
both shorelines is also known, the average retreat rate at this location can be found.
Problems arise when this method is applied to shorelines of complex geometry. The
sites studied by McLoughlin et al. (2014) consisted of multiple kilometers of relatively
uniform shoreline and thus this method was applied to their entire data set. This
however is not the case for the marsh shoreline in Terrebonne Bay and therefore a new
method needed to be devised to obtain retreat rate. Figure 4.4 shows a typical shoreline
of Terrebonne bay consisting of eroding marsh in multiple directions and at multiple
rates depending on said direction. This makes the acquisition of a single shoreline
retreat rate value difficult to obtain. A method is needed that allows for the variation in
shoreline direction around complex geometries.

Figure 4.4 Example of complex shoreline in Terrebonne Bay, requiring careful analysis
to determine shoreline retreat rate value.
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4.2

METHODOLOGY
The first method utilized for this project is the so-called “nearest point” method

(Jackson Jr et al., 2012). The methodology consists of establishing points every 10
meters along the 1998 shoreline. These points would then search all of the points along
the 2010 shoreline and select the one that was closest in distance to itself. It was
expected that this would provide a conservative estimate of the retreat rate of a given
shoreline by obtaining the minimum amount of shoreline retreat that would be required
to move from the 1998 shoreline to the 2010 shoreline. Figure 4.5 shows both a good
and bad example of the performance of this method. The left panel shows a shoreline
with changing direction and a reasonable interpretation of the transects of retreat as one
would expect.

Figure 4.5 Example of "Nearest" transect method at site locations "I" (left) and "K"
(right).
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The right panel however shows the limitation of this method. If there are any
outcroppings present in the 2010 shoreline when the 1998 shoreline performed the
searching algorithm it would find these points first. This results in unrealistic shoreline
retreat transects for this segment of shoreline.
To alleviate this problem, the nearest point method was run initially producing both
good and bad results similar to those found in Figure 4.5. To refine these results the
angle relative to a defined datum for each transect was output. The transects were then
redrawn originating from the 1998 shoreline. However this time they projected at a new
angle which consisted of an average of the transect angles from the two transects on
either side of it. Each transect point was now projected at its given angle until it crossed
the 2010 shoreline, and the new retreat value was obtained.
This method is dubbed the “filtered” shoreline retreat technique (Jackson Jr et al.,
2012). Using this filtered method, the shoreline retreat calculations improved to
expected values. An example of this can be seen in Figure 4.6. This figure shows the
comparison of the two methods at site location “D”. The left panel shows the original
“nearest point” method. The transects are not accurate due to the existence of
outcroppings along the bottom half of the shoreline. The “filtered” method is then
implemented by obtaining the angles of each of the original transects, then redrawing
the new transects using the average of the nearby transect angles. This essentially
allows for the overall trend of the shoreline to influence each individual transect and
help eliminate any small scale bias that might be introduced by irregularities in the
shoreline. The results in the right panel are then used to obtain the overall average
retreat for that particular section of shoreline.
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Figure 4.6 Example of "Nearest" (left) and "Filtered" (right) transect methods at site "D"
(Courtesy of Haikuo Yu and Qin Jim Chen).
4.3

RESULTS
The “filtered” method was applied to each of the 28 site locations displayed in Figure

4.2. At each site the resulting transects were averaged to obtain a single retreat value
for that area. These retreat values are shown in Figure 4.7 which depicts the overall
retreat observed from 1998 to 2010 at each site. Figure 4.8 shows the average retreat
rate over the time period from 1998 to 2010. These values are then overlaid onto a map
of the site locations to allow for the spatial distribution on retreat rate across the bay to
be viewed. The values in both figures are tabulated in Table 4.1.
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Figure 4.7 Observed retreat rate from 1998-2010 at each site location in Terrebonne
Bay.

Figure 4.8 Retreat rate values in meters/year, at each site location across Terrebonne
Bay.
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Table 4.1 Retreat values in Terrebonne Bay obtained from aerial photography analysis.

Site Location

Average Total
Retreat from
1998-2010
(meters)

Standard
Deviation
(meters)

Average yearly
retreat from
1998-2010
(meters/year)

Standard
Deviation
(meters/year)

A

54.4

2.7

4.4

0.2

B

37.1

2.6

3.0

0.2

C

116.1

6.8

9.3

0.5

D

61.6

6.9

4.9

0.6

E

22.7

1.2

1.8

0.1

F

12.0

0.9

1.0

0.1

G

38.8

1.6

3.1

0.1

H

43.1

2.9

3.4

0.2

I

29.3

1.0

2.3

0.1

J

24.9

1.9

2.0

0.2

K

83.5

11.3

6.7

0.9

L

21.2

1.4

1.7

0.1

M

35.7

2.5

2.9

0.2

N

113.3

1.6

9.1

0.1

O

59.9

3.5

4.8

0.3

P

17.6

0.5

1.4

0.0

Q

16.0

2.4

1.3

0.2

R

23.3

3.4

1.9

0.3

S

75.1

13.9

6.0

1.1

T

28.5

2.3

2.3

0.2

U

98.6

25.2

7.9

2.0

V

124.2

8.0

9.9

0.6

W

25.2

1.9

2.0

0.1

X

59.2

3.2

4.7

0.3

Y

24.1

1.1

1.9

0.1

Z

33.3

2.8

2.7

0.2

AA

25.3

3.3

2.0

0.3

BB

21.5

1.1

1.7

0.1

36

5.

LARGE SCALE WAVE POWER

Retreat rate has now been solved for at multiple locations across the bay; therefore
in order to compare with the results found by Marani et al. (2011) and Schwimmer
(2001) the corresponding wave power at these locations is desired. Two numerical
models Delft3D and SWAN were used to hind cast the wave power at these locations.
Hind casting wave power over a large basin such as Terrebonne bay requires many
assumptions and simplifications; these are discussed throughout. This chapter outlines
the processes used to set up a model ultimately yielding wave power in Terrebonne
Bay. It is important to note that this model is still under development and the results
displayed in this chapter are for the purposes of discussion and to aid in further
development and improvements to this model.
There are multiple methods used to solve for the wave height and ultimately power
in a body of water such as Terrebonne Bay. One method used to model wave height is
a phase resolving model that allows the capture of the water surface at every point in
the domain at each time step. This method has been applied to studying the impact of
waves on marsh edges (Tonelli et al., 2010). This method requires very fine resolution
both spatially and temporally and in the study mentioned it solves both the Boussinesq
and nonlinear shallow water equations. This allows for a very detailed study of a small
region but problems arise when attempting to use on a large scale such as Terrebonne
Bay. Another form of modeling wave power is by phase-averaged methods such as
simple parametric methods and sophisticated numerical models such as SWAN. The
two studies mentioned previously by Schwimmer (2001) and Marani et al. (2011)
compute wave power based on parametric methods. Marani et al. (2011) utilizes Young

37

and Verhagen’s (1996) method which calculates wave height based on parameters
such as fetch, depth, and wind speed. Fetch and depth are typically average values that
are held constant while wind speed in the area is characterized over long periods of
time. The wave power is then obtained based on multiple wind speeds and directions
and then filtered by the frequency of occurrence of that wind speed in a certain
direction. These methods allow for fast computations over large areas; however they do
not account for phenomena such as wave shoaling, refraction, and diffraction. SWAN is
a wave model that allows for the inclusion of these phenomena (Booij et al., 2004).
SWAN can be used in two main ways, stationary and non-stationary. Studies using the
stationary method [Ravens et al. (2009); and McLoughlin et al. (2014)] are similar to the
empirical methods in such that they calculate wind statistics over a long period of time
and then run multiple models, typically called “quasi-steady” models. These models
however are able to account for more parameters such as wave breaking, wave-wave
interactions, and wave transformation. One main limitation is the fact that the model is
highly dependent on the wind field averaging scheme used to obtain the wind data. The
method superimposes multiple wave height statistics based on multiple runs with
separate wind speed and direction inputs. In reality, the wave energy generated from
similar wind speeds and directions can interact and result in large influences. Studies
using non stationary SWAN models for estuaries have been carried out by Chen et al.
(2005), and Seibt et al. (2013). One drawback to these studies is their high
computational cost. No model is guaranteed to produce accurate results all the time and
all require detailed investigation to determine their applicability to the area being
investigated. The methods used in this chapter are outlined in Figure 5.1 and closely
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follow the methods used and carried out by Chen et al. (2005), Seibt et al. (2013), and
McLoughlin et al. (2014).
5.1

MODEL METHODOLOGY
Calculating wave power across Terrebonne Bay requires parameters such as

significant wave height, water depth, and peak wave period to be obtained. Once these
values are obtained, then linear wave theory is used and wave power is then calculated.
The sites mentioned in the previous chapter serve as the main points of interest and the
wave parameters, and ultimately wave power, are solved for at these locations only and
not across the entire bay. This reduction in output allowed for the models to be run
much quicker. There are two main programs used in the pursuit of wave power, Delft3D
and SWAN. Delft3D is a hydrodynamic model that is used to solve for water levels
resulting from meteorological and tidal forcing near Terrebonne Bay. SWAN is a model
that solves the wave action balance equation and is used to solve for wave parameters
with meteorological and hydrodynamic forcing (Booij et al., 2004).

Figure 5.1 Flow chart of input data and output results for the Delft3D and SWAN models
(WL: Water Level, Hs: Significant Wave Height, Tp: Peak Wave Period).
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Delft3D is used to solve for the water level across Terrebonne Bay. Inputs into this
model consist of wind and water levels from nearby stations. The wind was applied over
the entire domain while the water level from a nearby station was applied at the model
boundary. Bathymetry data from an established ADCIRC mesh is utilized along with
roughness coefficients also obtained from this mesh. This Delft3D model then outputs
the varying water level across the bay. This Water level is used as an input along with
wind and bathymetry data for a SWAN model. The SWAN model then outputs as a
result a time series of significant wave height, peak wave period, and water depth at the
points of interest in the domain. These values are then used along with linear wave
theory to produce a time series of wave power at each site which can then be averaged
to produce a yearly average wave power.
In order to facilitate and establish a hydrodynamic model of Terrebonne Bay, certain
assumptions and simplifications are implemented. For the purpose of this report, only
the calendar year of 2006 is modeled. This year was chosen due to the fact that no
major hurricanes or storms impacted Terrebonne Bay over this time period. This allows
a model to be established that focuses on the wave power that is present throughout
the year at this location. In reality, wave power and impacts from hurricanes play a large
role in the process of retreat rate, and they will need to be accounted for eventually in
order to model the complete wave climate in the bay. This however is beyond the scope
of this project and only the wave power under normal seasonal conditions are presented
in this analysis.
5.2

DELFT3D SETUP
Delft3D-Flow was selected to model the water level in Terrebonne Bay since it

allows for the hydrodynamic modeling of estuarine system due to many forces. The first
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forcing agent that was used in this model is a water level boundary condition linking the
model domain to the Gulf of Mexico. Along with this southern boundary condition tidal
forcing was included across the entire model domain. Wind was also included as a
forcing function in this model. Using these components as drivers, the model ran for the
calendar year of 2006 and the water level across the domain was output as a result and
used as an input to the SWAN wave model.
The model domain (Figure 5.2) extends far beyond Terrebonne Bay to the north in
order to fully capture the moving water level due to daily and seasonal tidal cycles.
These grid cells do not slow down the computation time due to the fact that if they are
dry grid cells during that computational step then they are skipped all together. The grid
is 200 cells wide and 230 cells tall and each cell is 500 meters on a side. The southern
boundary has a water level boundary condition applied to it over the entire year. This
water level was obtained from the Grand Isle tide station located nearby.
Monitoring stations in the Terrebonne Bay region can be seen in Figure 5.3. “spll1”
and “lopl1” are offshore rigs that provide wind, water level, and wave height data sets.
“Spll1” however only has water level and waves for part of the 2011 calendar year,
likewise “lopl1” only has waves and wind data sets during this time period and no water
level readings. “Trbl” and “kxpy” only have wind data available during the period from
2010-2012. “Luml1” only has wind data available during portions of the study period,
and the data sets are not complete. “Gisl1” is the monitoring station located at Grand
Isle and has the most consistent data sets in the area. Water level and wind data are
available at this station with very little missing data. The southern water level boundary
condition is therefore enforced by using water level data obtained from the Grand Isle
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station. “Spll1” was the first choice of a data source to use at the southern boundary
however water level data there are only available for part of 2011.

Figure 5.2 Aerial photograph of Terrebonne Bay and nearby regions (Top); Model
domain location and size relative to Louisiana shoreline (Bottom).
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Figure 5.3 Monitoring station locations in relation to model domain.
In order to validate the use of Grand Isle as the southern boundary condition instead
of “Spll1”, a model was set up to run for February of 2011 using “spll1” as the southern
boundary condition. The model was run 2 more times using “gisl1” as the southern
boundary condition. This allows the use of the Grand Isle station data to be compared
against using the data located closer to the physical boundary. These results can be
seen in Figure 5.4. This time series was obtained from a grid point located in the center
of Terrebonne Bay.
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Figure 5.4 Comparison of southern boundary condition data sources.
The black line in Figure 5.4 depicts the water level in the center of Terrebonne Bay
(NAVD88) obtained from using “spll1” as the data source for the boundary condition.
The blue and red lines represent the water level at the center of Terrebonne Bay using
the raw Grand Isle data with and without phase shift, respectively. The red line used
Grand Isle with a phase shift of 2 hours to account for the time it takes for the tidal
signal to travel from “spll1” to “gisl1”. This however did not have a large influence on the
results and therefore for the rest of the analysis phase shift of the boundary condition
was not be considered. The main difference between using “spll1” and “gisl1” boundary
conditions seemed to be in capturing the peak of the tide. This also is only a small
difference ranging from about 5-10 cm. Because the water depth in the center of the
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bay is 2-3 meters, this difference was deemed negligible and the Grand Isle water level
was used as the southern boundary condition. Comparisons of the shifted and unshifted Grand Isle boundary condition were made to the “Spll1” results, as seen in
Figure 5.5. The phase shifted boundary condition performs slightly better however the
erratic nature of the phase shift led to the original un-shifted grand isle boundary
condition to be used.

Figure 5.5 Comparison of water level in the center of Terrebonne Bay, using different
southern boundary conditions.
Bathymetry data were obtained from the ADCIRC mesh. The data came from
multiple sources and were interpolated onto the grid specified for this project. The
depths found in Figure 5.6 are all relative to NAVD88. This figure illustrates the
bathymetry of the area and anything set above NAVD88 was set to zero to show the
depth in the bay only. In reality, the topography of the above water portions of the
wetlands are included in the model.
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Figure 5.6 Bathymetry of Terrebonne Bay.
The wind data in this region are available from almost all locations in Figure 5.3 after
the year 2010. Since the model setup for this project is focusing on the year 2006, only
wind from the Grand Isle tide station is consistently available. In order to justify using
the Grand Isle wind, it was compared to the wind speed and direction measurements
from the other monitoring locations in the area. The wind speeds and directions shown
in Figure 5.7 represent the wind speed at an elevation of 10 meters above sea level. If
the original data were not available at this location then the data was adjusted according
to the coastal engineering manual (U.S. Army Corps of Engineers, 2002). The wind
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speed from the NOAA stations (Grand Isle) is based on a 2-minute scalar average of
the wind speeds, whereas the National Data Buoy Center measurements
(‘Spll1”,“Lopl1”,“Luml1”,“Trbl1”) are based on an 8-minute scalar average of the
observed wind speeds.

Figure 5.7 Wind speed and direction at multiple locations near Terrebonne Bay.
The wind direction observed at each location follows the same overall trend and
there is no notable difference between the sites. The wind speed at each location
however does have some variation. The two offshore gauges located away from the
shoreline, “Spll1” and “Lopl1”, follow a similar trend and could be considered identical.
The offshore wind speeds are noticeably larger than the values observed either
nearshore or inside of Terrebonne Bay. The wind measurements observed inside of
Terrebonne Bay, “Luml1” and “Trbl1”, would be ideal to use for the model simulation,
however they are not available during the desired simulation timeframe. Therefore wind
from the Grand Isle station is used in this study. Grand Isle wind speeds are compared
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to “TRBL” and “LUML1” wind speeds in Figure 5.8. For the Delft3D FLOW model, the
wind speed and direction is brought in as a time string allowing the change of both wind
speed and direction with each time step. This wind speed and time step is applied over
the entire model domain.

Figure 5.8 Comparison of wind speed measurements.
Once the input values have been imported and properly formatted for the model
requirements, test cases were run on a 1-2 week basis to ensure the model was
running stably and efficiently. The actual production run was carried out using a
resource titled “SIMULOCEAN” as seen in Figure 5.9. This resource is a web portal that
allows users with little to no experience to access and utilize high performance
computing (Simulocean Development Team, 2013). Normally access to
supercomputers requires a general knowledge of the linux operating system which can
be intimidating and challenging for users who are more familiar with a classic windows
user environment. Simulocean also allows for multiple jobs to be run at one time sharing
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common data sets such as bathymetry and grid information. This resource allowed for
the utilization of high performance computing from the beginning of the project allowing
the user to gain knowledge of supercomputing on along the way. By the end of the
project the model runs were carried out directly on “Queen Bee” without the use of
“SIMULOCEAN”. Eight CPUs were utilized on the Queen Bee supercomputer which
was administered by the LONI (Louisiana Optical Network Initiative) group. With these
eight CPUs and a time step of two minutes, the year 2006 was modeled requiring nine
hours of wall time to complete the simulation.

Figure 5.9 Simulocean user interface, allowing users access to high performance
computers.
A sample of the model output can be seen in Figure 5.10. This figure shows five
snap shots of the water level in the model domain each being six hours apart. The tidal
signal in the region can be seen in this figure. At first the water level is higher outside
the bay, then both outside and inside the bay have similar water levels, and then the
water level is higher in the bay as the water level outside lowers.
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Figure 5.10 Delft3D-FLOW model output; Water level across model domain, relative to
NAVD88.
Originally the entire data set at each time step was going to be brought into the
SWAN model as an input. However, since there are so many grid points in the model
domain bringing in water level information at each time step over the year would require
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an extremely large amount of data. It is noticed in Figure 5.10 that even though there is
a difference in water level between inside and outside the bay, there seems to be
minimal variation in the water level inside of Terrebonne bay. This allowed for the use of
one time series of water level to represent the entire water level inside the bay as seen
in Figure 5.11 and Figure 5.12. The difference in the water level inside and outside the
bay is ignored in this case.

Figure 5.11 Water level comparison across Terrebonne Bay; black=center;
red=left bay; blue=top bay; green=right bay.

Figure 5.12 Comparison of water level values around the bay to the center of the bay.
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This reduction of data transfer allows for much quicker model coupling between the
Delft3D output and the SWAN input. Figure 5.11 shows the comparison of water levels
across Terrebonne bay over the month of March. The black line represents the middle
of the bay while the red, blue, and green lines represent the left, top, and right sides of
the bay, respectively. These points around the bay compare very well with the center of
the bay and therefore the water level from the center of the bay is used as the water
level over the entire SWAN model domain shown in Figure 5.13.

Figure 5.13 Water level output from Delft3D-FLOW model to be used as input
data in SWAN.
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5.3

SWAN SETUP
SWAN (Simulating Waves Nearshore), is a numerical model used by many to solve

for wave conditions in coastal areas (e.g. Chen et al. 2005, Chen et al. 2009). For this
project SWAN was used to obtain time series of significant wave height and peak wave
period at multiple locations inside Terrebonne Bay. These two time series paired with
the water level time series obtained in the previous section are used to calculate wave
power across the bay. SWAN solves the spectral action balance equation (Booij et al.,
2004). This formulation includes sources and sinks such as wind forcing, wave
breaking, and wave-wave interactions. Many other studies investigating the relationship
between marsh edge retreat rate and wave power have relied heavily on parametric
methods for calculating wave power [Schwimmer (2001); and Marani et al. (2011)].
These methods use restricting assumptions such as constant wind speed and water
depth along with a historical wind-rose from a nearby area. Wave power is then
hindcast at different locations. The goal of this project was to improve the accuracy of
the wave power estimates by using the SWAN model to account for the spatially varying
fetch and bathymetry, along with the temporally varying wind speeds.
The domain boundary established in the previous Delft3D model was used for the
SWAN computation. The model resolution however was increased to better resolve the
complicated shoreline in Terrebonne Bay. The new grid size is 100 meters by 100
meters and therefore the number of grid cells is 25 times larger than the Delft3D model.
The water level was obtained from the Delft3D run along with the wind speed and
direction time series.
SWAN was set up to run in two-dimension non-stationary mode using the backward
space backward time finite difference scheme. Depth induced breaking along with wave
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white capping was included as sinks of energy in the model. Cutoff frequencies were
originally set to 0.05 Hz as the minimum and 1 Hz as the maximum. Finally the model
was run with a time step of one hour. With these setting in place the model was run over
small time frames to test the overall stability of the computation. This was accomplished
by using constant wind originating from the south along with the real model bathymetry.
The wind speed was altered to test what the lowest wind speed was that could be used
in the model. Figure 5.14 shows results from three tests under different wind speeds.
The top panel shows a 20 m/s southerly wind which produces expected results over
the whole domain (top left) and inside of Terrebonne Bay (top right). This is also the
case for the middle panel which shows the results from a 5 m/s wind test case. However
the bottom panel shows the results from using a 2 m/s southerly wind which shows an
area of instability near the southern boundary of the domain (bottom left). This increase
in wave height across the lower part of the domain is a result of the model trying to
resolve the wind wave growth from such a small wind speed. With the max cutoff
frequency set to 1 Hz the smallest wave that can be resolved by the model is a wave
with a period of 1 second. It was found that by increasing this cutoff frequency to 3 Hz
(Seibt et al., 2013) then smaller waves could be resolved and when the model was run
a second time with the constant 2 m/s wind the results match what would be expected
in this area. The comparison of significant wave height results using the 1 hz and 3 hz
cutoff frequencies shows that raising the cutoff frequency results in the disappearance
of the numerical instabilities.
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Figure 5.14 SWAN model results using constant southerly wind.
To avoid any further instability during the model run the wind speed obtained from
Grand Isle was adjusted. A 2 m/s wind speed was set as the minimum speed for the
data that were obtained from Grand Isle, this was not added to the overall wind speed,
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but rather replaced any values lower than 2 m/s with a speed of 2 m/s. This therefore
causes an artificial wave height to be present in the model results which may not
necessarily be there. This value however is quite small since during the constant 2 m/s
test case only yielded wave heights in the bay of approximately 6 cm which can also be
seen in Figure 5.15.

Figure 5.15 Wave height from constant 2m/s wind with 3 Hz set to maximum.
Using the water level and bathymetry from Delft3D, and the adjusted wind speed
from Grand Isle the SWAN model was run using the high performance computing
cluster “Queen Bee”. The 2006 calendar year model was run on 256 processors (32
nodes) over 46 hours using a one hour time step for the simulation. Due to the size of
the computation grid the model results were output at selected sites rather than over the
whole domain. Twenty-eight site locations were chosen for the marsh edge retreat rate
analysis and these same locations are used here. Each of the 28 site locations has five
points where wave information is obtained. This is due to the fact that even though the
model was run on a refined grid it is still only 100 m grid cells, meaning that not all of the
shoreline can be properly resolved. Therefore outputting the wave parameters at
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multiple locations at each site allows for a better representation of the wave climate in
that area.
Output at each of the 28 locations seen in Figure 4.2 consists of a time series of
water level, peak wave period, and significant wave height. A sample of these is shown
below in Figure 5.16 obtained from a site location in the north of the bay.

Figure 5.16 Water Depth, Peak Period, and Significant Wave Height for site “N”.

5.4

RESULTS
Figure 5.16 shows the typical output from the SWAN model at one location. These

values of wave height, water depth, and peak period are used to compute the wave
power using the method from Section 3.1 at that location over the entire year. Three
points were chosen to illustrate the yearly wave power modeled in Terrebonne Bay over
the year 2006. These can be seen in Figure 5.17 below.
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Figure 5.17 Time series of wave power at three locations in Terrebonne Bay.

These yearly time series are then averaged over the entire year for all 28 sites in the
bay which can be seen in Figure 5.18 and Figure 5.19 and Table 5.1. There is minimal
spatial variability of the average wave power results across Terrebonne Bay. This lack
of variability is due to the yearly averaging of the wave power time series. The seasonal
variation is not properly characterized in this average value and therefore when using
these values it should be noted that although sites may seem to have very similar wave
power values, their seasonal variability may differ drastically. Further implications of
these results are discussed in the following chapter.
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Figure 5.18 Average yearly wave power at each site.

Figure 5.19 Average yearly wave power in watts per meter of shoreline, at each site.
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Table 5.1 Average modeled wave power at each site over the 2006 calendar year.

Site Location

Average Yearly Wave
Power
(watts/meter)

Standard Deviation
(watts/meter)

A

28.5

36.9

B

20.3

27.1

C

45.2

55.5

D

40.5

50.7

E

32.7

42.4

F

26.8

34.8

G

38.3

49.5

H

26.1

35.4

I

29.2

38.7

J

31.3

42.8

K

42.3

56.7

L

18.2

25.9

M

15.0

20.0

N

31.5

42.5

O

40.0

55.2

P

37.8

51.4

Q

19.3

27.1

R

25.8

40.6

S

34.1

61.6

T

25.9

34.6

U

25.2

33.8

V

28.0

37.0

W

24.1

37.4

X

42.0

59.9

Y

24.1

38.8

Z

29.9

44.7

AA

19.2

32.0

BB

33.6

46.4
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6.

SUMMARY AND CONCLUSIONS

Modeling and monitoring marsh edge retreat and wave power in Terrebonne Bay
required multiple forms of analysis to be carried out. The main results from the previous
chapters are summarized here allowing for discussion between modeled and measured
results. The results obtained by this research meet the objectives stated in Chapter 1.
Discussion is presented pertaining to future research stemming from this thesis.
6.1

RESULTS
The first objective of this study was to carry out a field data collection campaign from

in-situ measurements inside of Terrebonne Bay. This was accomplished as shown in
Chapter 2. The wave measurements in Terrebonne Bay allow for the calculation of the
wave power near the marsh edge that has retreated landward over time. The detailed
surveys carried out in Terrebonne Bay allow for the determination of the retreat rates.
Four site visits were accomplished over the year of 2012 resulting in four shoreline
surveys and three deployments of pressure sensors.
The second objective was to perform analysis on the field data collected in Chapter
2. This analysis consisted of converting the pressure records to surface elevation,
generating wave energy density spectra, and shoreline retreat calculation. The wave
analysis carried out in Section 3.1 follows established methods to obtain wave
parameters over the field deployment period. This analysis resulted in average wave
parameters for each of the 3 sensor deployments along with average values for each
parameter over the entire study period. The average significant wave height over the
year was found to be 12 cm with strong seasonal variations. The highest wave height
observed was approximately 60 cm occurring during a cold front passage in March. The
average peak wave period of the locally generated wind waves in Terrebonne Bay was
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found to be 2.9 seconds and displayed minimal seasonal variation over the year. The
water depth remained relatively constant with an average value of 1.15 meters. The
corresponding average wave power determined from the observed wave data was 55.4
watts per meter of shoreline. The wave power displayed a seasonal variation with a
peak average of 77.4 watts/m during the March to July deployment. The peak wave
power observed occurred during a cold front passage in March and was approximately
1100 watts per meter of shoreline. This drastic difference between average and peak
wave power was found to be due to the fact that most wave power was observed to
occur during the passage of cold fronts or storms. These spikes of wave power were an
order of magnitude larger than the average wave power observed over the entire year.
The corresponding retreat values obtained from the shoreline surveys were found to be
on the order of three meters per year. The largest single retreat was observed between
the March and July shoreline surveys with an average retreat of 1.9 meters resulting in
a retreat rate of 5.6 meters per year.
The third objective was to expand on the field work and obtain the retreat rate for
multiple locations across Terrebonne Bay. This was accomplished by the use of aerial
photographs of the bay from the years of 1998 and 2010. Each pixel of the photographs
was first characterized as either land or water; twenty-eight sites were then chosen to
obtain the shorelines from the aerial photographs. These shorelines were then
compared resulting in average retreat and retreat rate values for each site. Total
observed retreat values ranged from a low of 12 meters (1 meter per year) to a high of
124 meters (9.9 meters per year). This range of retreat rate values displayed high
spatial variability across the bay with certain sections of the bay experiencing drastically
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higher rates of erosion than others. The main challenge experienced when obtaining
these retreat rate values was due to the irregular shoreline geometry. The site locations
were chosen because they exhibited relatively uniform shoreline geometry between
aerial photographs.
The fourth objective was to characterize the seasonal wave power in Terrebonne
Bay without the influence of tropical storms or hurricanes. The year of 2006 was chosen
for this analysis due to the absence of tropical storms impacting the area near
Terrebonne Bay. The wave power was obtained using two numerical models. The first
was Delft3D which simulated the water level inside the bay over the entire year. SWAN
was then used along with the DELFT3D results to solve for the wave power at each of
the specified sites over the year. SWAN is a numerical model that produced a time
series of significant wave height, wave direction, and peak wave period. These values
were then used to compute the wave power at each time step. The yearly wave power
at each site was then averaged. The average wave power was found to range from 45.2
watts per meter at site “C” to 15 watts per meter at site “M”. Similar to the in-situ wave
power observed in Section 3.1, the wave power modeled over the entire year displayed
peaks of power exceeding 1000 watts per meter. The average wave power values are
lower due to the relatively calm periods observed between subsequent cold fronts.
6.2

DISCUSSION
The studies carried out by Marani et al. (2011), Schwimmer (2001), and McLoughlin

et al. (2014) all investigated the relationship between wave power and shoreline retreat.
Schwimmer looked at wave power vs linear retreat rate while Marani investigated wave
power as a function of volumetric retreat rate. The wave powers observed by
Schwimmer are on average an order of magnitude higher than the ones measured and
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simulated in this study. McLoughlin et al. (2014) investigated and discussed the
differences among wave power calculations in various studies. Large differences up to a
factor of 4 were found in wave power values between studies based solely on how the
wave power was computed and averaged. Filtering of wave power results also leads to
large differences between studies; those who dropped the wave power when the water
level was above the marsh elevation differed greatly from those that included all wave
power regardless of water level. Thus care needs to be taken when comparing wave
power results between studies. Certain studies average wave power over a short period
of time likely resulting in higher values than those that average the total wave power
over the entire year. For this reason Marani is used as a benchmark to discuss trends
observed in Terrebonne Bay. This comparison is made to facilitate discussion and due
to different modeling methods results should not be directly compared at this time. First
the observed field data are plotted against the best fit line obtained by Marani. Note that
Marani derived a relationship between wave power and volumetric retreat rate.
Therefore in order to compare the results found in this study to their findings, the marsh
edge scarp height needed to be estimated. Ideally this measurement could be obtained
across the whole bay to improve on these findings. For the result seen in Figure 6.1 a
scarp height of 0.5 meters was assumed.
The field results obtained and analyzed in Chapters 2 and 3 agree with the results
published by Marani et al. (2011) in general. The measurements obtained during the
high energy period of March to July of 2012 match with their results. Seasonal variability
is observed in the in-situ measurements. The total yearly averaged wave power and
retreat rate (black star on Figure 6.1) fall slightly below the relationship observed by
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Marani et al. (2011). Note that the wave power is averaged over the period from
December 2011 to August 2012 while the retreat rate is averaged over the period from
December 2011 to December 2012. The missing wave data from August 2012 to
December 2012 could result in a shift of this average point resulting in a new
relationship. This also explains the high wave power for the July 2012 to August 2012
data point (green circle on Figure 6.1) since the retreat includes months when the wave
power is typically lower. Large retreat was observed from December 2011 to March
2012 (blue circle Figure 6.1) corresponding to a season of minimal to zero marsh
growth. The March 2012 to July 2012 period (red circle Figure 6.1) however shows high
wave power and high retreat rate likely resulting from the marsh not being able to
remain stable during this period of high wave attack.

Figure 6.1 Comparison of in-situ Terrebonne Bay measurements to Marani et al’s
(2011) results.
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The in-situ measurements can also be compared to those modeled in Chapters 4
and 5. The site that was chosen for the collection of field data was also chosen as one
of the 28 sites used to investigate the entire bay. The filed site is labeled as site “I” in
Figure 4.2. The large scale retreat rate observed at site “I” from 1998-2012 is 2.3 meters
per year. This is slightly lower than the 3.0 meters per year of retreat rate observed in
2012. The average wave power modeled at site “I” over the year of 2006 was found to
be 29.2 watts per meter of shoreline compared to the observed average wave power of
55.4 watts/m measured during 2012. It is expected that the modeled wave power is
smaller than the observed wave power at this site because the modeled wave power
was for the year 2006 which didn’t have any major storms in the area. The observed
wave power in 2012 however did have major storms in the area and therefore larger
wave power. Modeling the year 2006 was done to learn about the typical seasonal wave
power in the area, but in order to fully understand the wave climate in the bay, more
modeling will need to be carried out with years containing major storms.
Similar to Figure 6.1, which shows in-situ measurements compared to Marani et al.’s
(2011) result, Figure 6.2 shows the modeled wave power relative to the observed long
term retreat rate. The same assumption of a 0.5 meter marsh depth was used to
convert retreat rate to volumetric retreat rate. There is a large amount of scatter in
Figure 6.2, however the general increasing trend of larger wave power corresponding to
larger retreat is observed. The equation developed by Marani et al (2011) was obtained
by averaging many points across the domain. Similarly this can also be done for the
modeled wave power of 2006 and the observed retreat rate between 1998 and 2010.
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Figure 6.2 Comparison of hindcasted wave power and observed retreat rate.
The results in Figure 6.3 much more closely represent those found in the field. Note
that these average values were obtained by doing a spatial average. Terrebonne Bay
was broken up into five regions and each wave power and retreat rate in these regions
were averaged together. The four extreme cases of erosion seen at the top of Figure
6.2 were excluded from the analysis leading to Figure 6.3. These values were excluded
because their retreat values indicate that wave power is not the sole or primary
mechanism of erosion. Further research needs to be conducted on these locations to
determine what is causing them to erode so quickly.
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Figure 6.3 Spatially averaged 2006 model results.
One explanation for the increased trend in Figure 6.3 is the fact that the wave power
of 2006 is expected to be lower than a typical year with storms involved. There is a
challenge in clearly representing and reporting the wave power in the region over an
entire year. The yearly average tends to not illustrate how powerful the storms in the
area are. More work needs to be done investigating the wave power responsible for
erosion, and separating it from the wave power that does not contribute to erosion. The
wave power at a site for example could be steady and small, while another site could be
hit with a few major storms per year but minimal wave action the rest of the year. These
two hypothetical sites could have the same average yearly wave power however their
mechanisms for erosion and erosive wave power could be drastically different.
In conclusion, a simple linear relationship was not found to exist between the wave
power and retreat rate in Terrebonne Bay. Strong spatial variability in retreat rate values
do not correlate well with the almost nonexistent spatial variability of the average wave
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power values. The in situ measurements suggest that seasonal variability in both wave
power and retreat rate play a large role in the evolution of the marsh edge and its
retreat. During periods of time with similar wave power varying retreat rate values were
observed to occur likely due to the strength of the marsh vegetation throughout the
year. The depth of the root mat relative to the water level likely also plays a large role in
the overall stability in that portion of the marsh. This along with vegetation and soil
properties could aid in better explaining the overall spatial variability of the marsh retreat
rates in Terrebonne Bay. Averaging the wave power over the entire year does not
provide a good representation of the destructive wave power in Terrebonne Bay.
Instead using some criteria to determine the cumulative damaging or erosive wave
power might better represent the spatial variability of the wave power while preserving
some of the seasonal characteristics present in that portion of the bay.
6.3

FUTURE WORK
Spatially averaging the results from the 28 sites allowed for a better understanding

of the overall trend in the area. Therefore increasing the number of sites analyzed could
aid in obtaining a more established trend. One challenge in adding more sites comes
from the retreat rate analysis due to the difficulty of selecting sites displaying uniform
shorelines. Adding more sites to the wave power simulation would be feasible however
could add computational costs. Modeling more years will also aid in better
understanding the temporal variability of the wave power in the bay. Once more years
are modeled work can be done to better formulate wave power in such a way that will
include the temporal variability which has been shown to be important. In situ
measurements obtained for this report could be used to aid in validating the model.
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Along with increasing the accuracy of the wave power estimates, collecting more
marsh edge data could improve results. Obtaining the marsh heights across the entire
bay could aid in better approximations of the volumetric retreat rates which have been
shown to correlate better than standard linear retreat rates. This marsh height elevation
could be obtained from LIDAR data, although some validation of LIDAR data would be
needed using in-situ surveys. Other geotechnical and ecological parameters could also
aid in better understanding the reasons for the spatial variability of retreat rate values in
Terrebonne Bay. Parameters such as marsh stem height, plant density, soil cohesive
strength, etc. (Pant, 2013) might aid in determining why some areas are eroding at rates
ten times higher than others.
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